1.. Introduction {#s1}
================

DNA molecules are a promising material for the construction of nanoscale structures because of their low cost of synthesis, high specificity of assembly and conformational flexibility. In most cases, the DNA molecules are present as double helices linked by Watson--Crick hydrogen bonds within AT and GC base pairs. However, duplex DNA structures can be cleaved at certain sites by the invasion of homologous DNA strands, which leads to the formation of DNA helix junctions. Junction structures have been found to occur during the processes of gene conversion or genetic recombination \[[@RSOS171337C1],[@RSOS171337C2]\]. They also serve as excellent templates for the construction of DNA supramolecules. For example, Seeman \[[@RSOS171337C3]\] established a stable four-stranded DNA junction, in which each strand contained a unique single-stranded sticky end for further linkage to various DNA junctions to form artificial two-dimensional lattices. Mao *et al.* \[[@RSOS171337C4]\] designed a parallelogram-shaped DNA junction and a triangular tile \[[@RSOS171337C5]\] consisting of four and three DNA junction units, respectively.

Furthermore, it is well known that a G-rich DNA strand containing tandem G-tracts can fold into a G-quadruplex, which is characterized by the stacking of G-quartets connected by cyclic Hoogsten hydrogen bonds, and specific cations (such as K^+^, Na^+^ and NH~4~^+^) can coordinate to the O~6~ atoms of the guanine residues to reduce the electrostatic repulsion and enhance the structural stability \[[@RSOS171337C6]\]. By contrast, a C-rich sequence containing several C-tracts may assemble into a four-stranded i-motif DNA scaffold under weakly acidic conditions; this structure is characterized by the intercalation of hemi-protonated cytosine--cytosine (C•CH^+^) base pairs \[[@RSOS171337C7]\]. Both G-quadruplexes and i-motifs are attracting increasing attention from researchers because the sequences that are able to form such structures can be found in many important regions of human chromosomes. The formation and dissociation of quadruplex DNA structures may play a significant role in physiological activities \[[@RSOS171337C8],[@RSOS171337C9]\]. Interestingly, these structures are also widely used to build DNA nanostructures \[[@RSOS171337C10]--[@RSOS171337C12]\].

Our previous results demonstrated that the formation of quadruplex nanostructures can be manipulated by optimization of the DNA sequences and experimental conditions \[[@RSOS171337C13]\]. Meanwhile, it has been also reported that the structural switch between quadruplex and duplex DNA structures can be modulated by the solution pH value and cation species \[[@RSOS171337C14]--[@RSOS171337C16]\]. Notably, such transformations may be applied to the operation of 'DNA machines' \[[@RSOS171337C17],[@RSOS171337C18]\] and 'DNA logic gates' \[[@RSOS171337C19],[@RSOS171337C20]\].

In this work, based on the four-way junction structure illustrated in [figure 1](#RSOS171337F1){ref-type="fig"}*a*, we have built a slipped four-way junction structure by mixing two C-rich DNA sequences, 5′-GCTTCTAGTCAA**C~4~A~4~C~4~**-3′ (SC1) and 5′-TTGACTAGAAGC**C~4~A~4~C~4~**-3′ (SC2), with a G-rich sequence, 5′-**G~4~T~4~G~4~**CATCCAGTGTCT-3′ (SG1), in a 1 : 1 : 2 ratio in lithium acetate solution at pH 6.7, which generated two single-stranded flexible branches from SG1 ([figure 1](#RSOS171337F1){ref-type="fig"}*b*, top). Similarly, the two C-rich sequences SC1 and SC2 were mixed with another G-rich sequence 5′-**G~4~T~4~G~4~**AGACACTGGATG-3′ (SG2) in the same way to build a slipped four-way junction structure with two single-stranded arms from SG2 ([figure 1](#RSOS171337F1){ref-type="fig"}*b*, bottom). The G-/C-rich linker regions of the selected DNA strands are shown in bold font. Finally, a mixture of the two slipped junction structures could assemble to form a junction nanostructure through interaction of the unpaired arms of SG1 and SG2 ([figure 1](#RSOS171337F1){ref-type="fig"}*c*). Note that the GC-rich duplex parts of the assembled nanostructure could be dissociated under specific solution conditions, in which case the G-rich parts folded into bimolecular G-quadruplexes and the C-rich parts assembled into bimolecular i-motifs. It has been reported that the tetraplex structure of d(G~4~T~4~G~4~) that is formed in either K^+^ or Na^+^ solution shows the same folding topology with two diagonal T~4~ loops \[[@RSOS171337C21]\]. K^+^ cations were used here because UV melting experiments demonstrated that the antiparallel G-quadruplex structures formed by d(G~4~T~4~G~4~) are more stable in K^+^ solution than in Na^+^ solution (75°C versus 52°C), as shown in the electronic supplementary material, figure S1. According to the previous results, the assembly of bimolecular quadruplexes with duplex linkage units could form one-dimensional DNA nanostructures composed of alternating quadruplex and duplex DNA structures ([figure 1](#RSOS171337F1){ref-type="fig"}*d*) \[[@RSOS171337C22],[@RSOS171337C23]\]. However, different lengths of T-spacers between the double-stranded DNA and i-motif structures may cause the formation of different 'closed' structures \[[@RSOS171337C23]\]. To simplify the analysis, the T-spacers were removed from our designed sequences. Figure 1.Schematic descriptions of (*a*) a four-way junction structure; (*b*) the designed slipped junction structures, DNA samples 1 and 2; (*c*) the DNA nanostructure assembled from two slipped junction structures in pH 6.7 lithium acetate solution, DNA sample 3; and (*d*) 'duplex + quadruplex'-type DNA nanostructures generated from the structural switch of the junction DNA nanostructure in pH 4.5 potassium acetate solution, DNA sample 4 that contains two kinds of newly generated nanostructures: 'duplex + i-motif'-type (DNA sample 5) and 'duplex + G-quadruplex'-type DNA nanostructures (DNA sample 6).

2.. Material and methods {#s2}
========================

2.1.. Material and sample preparation {#s2a}
-------------------------------------

The oligonucleotides (OPC grade) were synthesized by TaKaRa Biotechnology Co., Ltd. (Dalian, China) and used as received. The DNA fragments studied here are listed below. 5′-GCTTCTAGTCAAC~4~A~4~C~4~-3′ (SC1) Mr = 7183.25;5′-TTGACTAGAAGCC~4~A~4~C~4~-3′ (SC2) Mr = 7232.26;5′-G~4~T~4~G~4~CATCCAGTGTCT-3′ (SG1) Mr = 7443.24;5′-G~4~T~4~G~4~AGACACTGGATG-3′ (SG2) Mr = 7541.27.

Stock solutions of the oligonucleotides were prepared by directly dissolving the lyophilized powder in Milli-Q water (MA, USA) to approximately 2 mM and were stored at −18°C. Accurate concentrations of the oligonucleotides were obtained from their UV absorbances at 260 nm at 90°C using molar absorptivity tabulated at the following website: <http://www.idtdna.com/calc/analyzer>. Lithium acetate and potassium acetate buffer solutions (pH 6.7) were prepared by directly dissolving the lithium acetate solid and potassium acetate solid in the Milli-Q water; the potassium acetate buffer solution with pH value of 4.5 was obtained by adding acetic acid.

For the DNA assembly, different oligomers (50 µM of each oligomer) were mixed in pH 6.7 (50 mM Li^+^) or pH 4.5 (100 mM K^+^) buffer solution in different ratios. DNA samples were heated in a 90°C water bath for 10 min and slowly cooled to room temperature (about 10 h), followed by equilibration at 4°C for more than four days. For the DNA samples that needed further reforming: after the mixing or titration process, these DNA samples were heated at 30°C for 4 h and slowly cooled to room temperature, followed by equilibration at 4°C for more than 4 days.

2.2.. UV absorption spectrophotometry {#s2b}
-------------------------------------

UV melting curves were recorded on a UV-2550 spectrophotometer (SHIMADZU, Kyoto, Japan) fitted with an S-1700 temperature controller measured at 295 nm as in previous reports \[[@RSOS171337C24],[@RSOS171337C25]\]. The temperature was increased at a heating rate of 0.5°C min with DNA samples being left to equilibrate for 0.5 min at each temperature. The absorption cell was sealed to prevent solvent evaporation, and the bubble was removed by stirring during the heating process.

2.3.. Circular dichroism spectroscopy {#s2c}
-------------------------------------

Circular dichroism (CD) spectra were measured on a J-810 CD spectrometer (JASCO, Tokyo, Japan) using a 0.02 cm path length Hellma cell at 20°C. Each DNA spectrum corresponded to the average of three scans with a scan range from 200 to 320 nm. Each trace was obtained at 100 nm min^−1^ of scanning speed, with response time of 2 s, data pitch of 1 nm and bandwidth of 1 nm. The background spectra containing the buffer alone were deducted from all DNA spectra.

2.4.. Native gel electrophoresis {#s2d}
--------------------------------

The 8% poly/acrylamide gel was used for the native electrophoresis analysis and run at 4°C. 1× TBE and 2-(*N*-morpholino) ethanesulfonic acid monohydrate (MES, pH 4.5, 50 mM) buffer solutions were used to prepare the neutral and acid gels, respectively. The running buffers were further supplemented with 50 mM LiOAc for the neutral gel and 100 mM KOAc for the acid gel. The gel electrophoresis was performed for 3.5 h at 100 V. Results were observed using an Ultrapower™ visible light transilluminator (Bioteke, Beijing, China) after using GelGreen dye (Biotium) in 100 mM NaCl. The gel image was processed with Adobe P[hotoshop]{.smallcaps} CS6 software to reduce background interference \[[@RSOS171337C13]\].

2.5.. Atomic force microscopy {#s2e}
-----------------------------

Atomic force microscopy (AFM) experiments were performed on mica surfaces that can bind nucleic acids due to the adsorption of magnesium ions \[[@RSOS171337C26]\]. Here, the DNA samples (50 µM of each DNA) were annealed in different buffers containing 50 mM LiOAc or 100 mM KOAc at 4°C. Then, aliquots were diluted with 4 mM MgCl~2~ aqueous solution to give a 20 µl analyte containing 5 µM DNA strands. The analytes were equilibrated on freshly cleaved mica plates for 5--8 min. After that, excess fluid was removed. Then, the mica plates were swilled with Milli-Q water carefully and repeatedly, and left to air-dry, in a very clean container to avoid dust settling. AFM analysis was in tapping mode with a Nanoscope IIIa scanning probe microscope (Bruker) from Digital Instruments by utilizing NANOSENSORS™ PPP-NCHR AFM probes. The AFM images were enhanced by flattening to remove the background slope and were modulated for contrast and brightness.

3.. Results and discussion {#s3}
==========================

3.1.. The structural characteristics of various DNA conformations studied with circular dichroism experiments {#s3a}
-------------------------------------------------------------------------------------------------------------

The CD experiments were performed first to reveal the structural features of the designed junction conformations and the structural transitions. [Figure 2](#RSOS171337F2){ref-type="fig"}*a* shows the CD spectra of various DNA strands mixed under different solution conditions. DNA samples 1 and 2 were obtained by mixing strands SC1, SC2 and SG1 and strands SC1, SC2 and SG2, respectively, in ratios of 1 : 1 : 2 in 50 mM LiOAc buffer (pH 6.7); DNA sample 3 was obtained by mixing samples 1 and 2. All three junction DNA structures (samples 1, 2 and 3) give a positive band at around 280 nm and a negative band at around 240 nm in their CD spectra, which indicates that the majority of DNA structures in the three samples are duplexes \[[@RSOS171337C27]\]. However, the CD signal exhibits an obvious enhancement at around 290 nm when DNA sample 3 is titrated with pH 4.5 KOAc buffer; this result is suggestive of a structural shift from the duplex junction to the four-stranded DNA conformation containing bimolecular i-motifs and antiparallel G-quadruplexes ([figure 1](#RSOS171337F1){ref-type="fig"}*d*) \[[@RSOS171337C27]\]. This is consistent with the previous report that quadruplexes can be generated from GC duplexes \[[@RSOS171337C16]\]. Figure 2.CD spectra of different oligonucleotides (50 µM of each oligomer) annealed under different conditions. (*a*) DNA samples 1 and 2: the mixtures of SC1, SC2 and SG1 and of SC1, SC2 and SG2 in ratios of 1 : 1 : 2 in 50 mM pH 6.7 LiOAc buffer solutions indicated by red and green solid lines, respectively; DNA sample 3: the mixture of DNA samples 1 and 2 in a 1 : 1 ratio (blue solid line); DNA sample 4: DNA sample 3 is titrated with pH 4.5 KOAc buffer solution and the final concentration of K^+^ is 100 mM (magenta solid line); DNA samples 5 and 6: the mixtures of SC1 and SC2 and of SG1 and SG2 in a 1 : 1 ratio in 100 mM pH 4.5 KOAc buffer solutions indicated by wine and orange solid lines, respectively; (*b*) the mixtures of SG1 and SG2 in a 1 : 1 ratio annealed in 100 mM pH 6.7 LiOAc and pH 6.7 KOAc buffer solutions indicated by black solid and dashed lines, respectively; inset: differential CD spectrum acquired by deducting the spectrum obtained in Li^+^ from the one obtained in K^+^ solution.

Additionally, compared with the aforementioned spectra, the CD spectrum of DNA sample 5 (prepared by mixing SC1 and SC2 in a 1 : 1 ratio in 100 mM pH 4.5 KOAc buffer solution) displays positive bands at around 220 nm and 290 nm and a negative band at around 265 nm, which confirms that an i-motif structure is formed under weakly acidic conditions. By contrast, the CD spectrum of DNA sample 6 (obtained by mixing SG1 and SG2 in a 1 : 1 ratio in 100 mM pH 4.5 KOAc buffer solution) exhibits positive bands at around 220 nm and 290 nm and a negative band at around 240 nm. Although this spectrum shows some differences from the characteristic peaks of antiparallel G-quadruplexes \[[@RSOS171337C27]\], the differential CD spectrum acquired by the deduction of the CD spectrum obtained in Li^+^ solution from the one obtained in K^+^ solution ([figure 2](#RSOS171337F2){ref-type="fig"}*b*, inset) displays positive bands at around 290 nm and 240 nm and a negative band at around 260 nm, which confirms the formation of antiparallel G-quadruplexes upon mixing of the two G-rich strands \[[@RSOS171337C22]\]. The bimolecular quadruplexes associated with two C-strands and two G-strands are linked by double-helix DNA structures, so a new type of DNA nanostructure containing alternating duplex and quadruplex structures can be formed.

3.2.. The formation of DNA nanostructures confirmed by native-polyacrylamide gel electrophoresis experiments {#s3b}
------------------------------------------------------------------------------------------------------------

Native-polyacrylamide gel electrophoresis (PAGE) experiments were performed in 50 mM pH 6.7 LiOAc and 100 mM pH 4.5 KOAc buffer solutions for the above-mentioned DNA samples to confirm the formation of the DNA nanostructures. As shown in [figure 3](#RSOS171337F3){ref-type="fig"}*a*, DNA samples 1 and 2 both exhibit three obvious bands in lanes 2 and 3. According to the electrophoretic mobility of the molecular mass ladder in lane 1, the three bands correspond to single-stranded, double-helix and slipped junction DNA structures formed in mixtures of SC1, SC2 and SG1 and of SC1, SC2 and SG2. By comparison, DNA sample 3 in lane 4 mainly exhibits slower migrating bands, including an obvious band at around 200 bp and other smear bands; this indicates the formation of DNA nanostructures assembled from the two slipped junction structures. [Figure 3](#RSOS171337F3){ref-type="fig"}*b* shows that DNA samples 5 and 6, in lanes 1 and 2, not only exhibit bands at around 40 bp and 60 bp but also exhibit some slower migrating bands. These results manifest the formation of 'duplex + quadruplex'-type DNA nanostructures in the 1 : 1 mixtures of two C-rich strands and two G-rich strands, which is in accordance with the reports in the literature \[[@RSOS171337C22],[@RSOS171337C23]\]. However, in comparison with lane 4 in [figure 3](#RSOS171337F3){ref-type="fig"}*a*, lane 3 in [figure 3](#RSOS171337F3){ref-type="fig"}*b* exhibits more varied components, including bands at around 60 bp, 100 bp, 200 bp and several smear bands at the top of the gel, which indicates the existence of more types of DNA nanostructure after the addition of H^+^ and K^+^ to DNA sample 3. We propose that these components include the junction DNA nanostructures and 'duplex + quadruplex'-type DNA nanostructures generated by the conversion from GC-rich duplexes to quadruplex structures. Figure 3.8% Native-PAGE images of the aforementioned DNA samples. (*a*) Lane 1: the molecular mass ladder with 20 bp step ladder from 20 bp to 200 bp and 100 bp step ladder from 200 bp to 500 bp; lanes 2, 3 and 4 correspond to DNA samples 1, 2 and 3, respectively; (*b*) lane 1: DNA sample 5; lane 2: DNA sample 6; lane 3: DNA sample 4; lane 4: the molecular mass ladder.

3.3.. Assembly of various types of DNA nanostructures characterized by atomic force microscopy experiments {#s3c}
----------------------------------------------------------------------------------------------------------

Furthermore, AFM experiments were carried out to provide additional evidence for the assembly of the designed structures. As shown in [figure 4](#RSOS171337F4){ref-type="fig"}*a,b*, several small ellipsoids and short bar-shaped aggregates are observed for DNA sample 1. The height of the aggregates is 1.5 nm on average ([figure 4](#RSOS171337F4){ref-type="fig"}*c*), which indicates that these structures are composed of double helixes \[[@RSOS171337C28],[@RSOS171337C29]\]. Because the designed junction structure contains two single-stranded branches and the junction sites are free to rotate, these bar-shaped aggregates with an average length of 150 nm are consistent with our designed slipped junction structures. As expected, many larger-sized aggregates are observed for DNA sample 3. These aggregates with several short branches, as shown in [figure 4](#RSOS171337F4){ref-type="fig"}*d,e*, are in accordance with DNA nanostructures assembled from two slipped junction structures. [Figure 4](#RSOS171337F4){ref-type="fig"}*f* shows that the lengths of these nanostructures are capable of reaching 700 nm in one direction. After DNA sample 3 was titrated with pH 4.5 KOAc buffer, some rod-shaped aggregates occurred, as shown in [figure 4](#RSOS171337F4){ref-type="fig"}*g,h*. After the analysis of these new structures, we found that the measured heights of these nanoparticles are around 4.0 nm ([figure 4](#RSOS171337F4){ref-type="fig"}*i*). In accordance with previous reports \[[@RSOS171337C13],[@RSOS171337C22],[@RSOS171337C23]\], these particles are DNA nanostructures containing quadruplex DNA structures and the aggregates with higher diameters may be due to typical lamellar stacking of different DNA structures. Figure 4.(*a*), (*d*) and (*g*) AFM images with the scale bar of 500 nm corresponding to DNA samples 1, 3 and 4, respectively; the labelled DNA structures in (*a*), (*d*) and (*g*) were enlarged and indicated with the blue arrow in (*b*), (*e*) and (*h*), respectively; (*c*), (*f*) and (*i*) the height and length profiles of the DNA samples 1, 3 and 4, respectively.

We also studied the possibility of structural switch from the 'duplex + quadruplex'-type DNA nanostructures to junction DNA nanostructures, as shown in [figure 5](#RSOS171337F5){ref-type="fig"}. The i-motif and G-quadruplex structures stabilized by K^+^ ions can be dissociated in an alkaline environment \[[@RSOS171337C23]\] and with the addition of 18-crown-6-ether \[[@RSOS171337C30]\], respectively. In this study, to simplify the experiment, we directly mixed the two C-rich and two G-rich strands, respectively, in a ratio of 1 : 1 in 50 mM LiOAc buffer (pH 6.7). The mixtures were annealed for four days and then further mixed, as DNA samples 1 and 2 were. Based on the above method, native-PAGE and AFM experimental results indicated that more species of around 60 bp are formed and the yield of mismatched DNA nanostructures is less than that in DNA sample 3 (electronic supplementary material, figure S2). This may be due to the formation of interlocked duplexes or other complex DNA structures ([figure 5](#RSOS171337F5){ref-type="fig"}, right bottom). Figure 5.The possibility of structural switch from 'duplex + quadruplex'-type DNA nanostructures to junction DNA nanostructures; two types of structures may be formed: the junction DNA nanostructure (right top) and 'closed' duplex DNA structure (right bottom).

4.. Conclusion {#s4}
==============

To summarize, we have proposed a new type of DNA monomer structure based on four-way junction structures. Our results demonstrate that these monomers can assemble into stable junction DNA nanostructures, as confirmed by CD spectroscopy, native-PAGE and AFM experiments. Importantly, the junction nanostructures have the ability to transform into another type of DNA nanostructure consisting of alternating duplex and quadruplex DNA scaffolds; this transformation can be modulated by the solution pH value and the nature of the monovalent cations that are present. Such transformations show great potential for the operation of 'DNA nanomachines'. Notably, the slipped junction structures could be formed with only three DNA strands and the construction of the junction DNA nanostructure consumes four DNA strands in total if the GC-rich duplex arms in the nanostructures are kept the same. However, this may also induce the formation of interlocked duplex DNA structures, which results in low structural conversion efficiency from the 'duplex + quadruplex'-type DNA nanostructures to the junction DNA nanostructures. Our previous results have revealed that G- or C-rich strands can undergo 'self-assembly' in the formation of quadruplex structures by altering the length of the G- or C-repeats \[[@RSOS171337C31]\]. Following on from this work, we will optimize the nature of the G- and C-rich strands to improve the operation mechanism of the potential 'DNA nanomachine'. Furthermore, the formation and dissociation of the quadruplex DNA structures would be more easily controlled by regulating the solution pH value and by the addition and removal of divalent cations, in accordance with previous methods \[[@RSOS171337C17],[@RSOS171337C32]\]; this would allow the operation of the 'DNA nanomachine' in a circular pattern.
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